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  This thesis presents the error separation systems for precision measurement of the run-out and the straightness of thin roll parts and the slide error 
motion of diamond turning machines. For the precision measurement, the error separation systems have been developed based on laser beam width 
measurement and error separation techniques. 
 
In Chapter 1, backgrounds, motivations and aims of this research are described. Roll parts with cylindrical shapes are the most fundamental 
elements in mechanical systems and machines. Thin roll parts with high precision, such as micro drill bits and thin rolls, are required in industries in 
responding to the trend for producing miniaturized products and devices. Run-out of the micro drill bit and straightness of the roll are the main factors 
to influence the property of coupling surface and the accuracy of the whole system. As an essential correction step, the straightening process must be 
completed by a straightening machine tool in the manufacturing of the roll parts. For the purpose of precisely straightening the roll parts, in-process 
measurement of the run-out and the straightness are essential in machine shops. The roundness measuring machine and the surface profiler are the 
existing measurement systems for the run-out and the straightness. Both the measurement systems can achieve nanometic measurement accuracy in 
the measurement room but cannot be used for in-process measurement in machining shops with vibrations. The nanometric measurement accuracy of 
both the measurement systems is based on using accurate spindle and slide as measurement references. The difficulty of in-process precision 
measurement of the run-out and the straightness is that no accurate spindle and slide are available in the straightening machine tool. In order to precisely 
measure the run-out and the straightness, spindle error motion and slide error motion of the straightening machine tool should be separated. The 
conventional error separation methods, such as the reversal method and the multi-probe method, are effective to separate error motions for precision 
measurement of the straightness. However, both the error separation methods cannot be used for in-process measurement of the micro drill bit and the 
roll. The biggest problem is the physical size of the displacement probes used in the two error separation methods. The first motivation of this research 
is development of new error-separation systems for in-process precision measurement of the run-out of the micro drill bit and the straightness of the roll. 
On the other hand, a roll part has traditionally turned by a lathe. Ultra-precision roll parts and large roll moulds are required in industries. More and 
more diamond turning machines with ultra-high precision are used for manufacturing ultra-precision roll parts and large roll moulds. In the fabrication, 
the fabrication accuracy is determined by spindle error motion, and horizontal and vertical slide error motions of the diamond turning machine. The 
  
spindle error motion and the horizontal slide error motion are the primary factors to influence fabrication accuracy, in which the slide error motion in 
each plane is composed of a straightness error component and a parallelism error component. The vertical slide error motion, which is conventionally 
small enough to be ignored, becomes dominate error, in which the absolute vertical error motion becomes dominate error in ultra-precision machining 
of the ultra-precision roll parts and the relative vertical error motion becomes dominate error in hybrid machining of the large roll moulds. Therefore, 
on-machine measurement of the spindle error motion and the slide error motion of diamond turning machines are essential for quality control of the roll 
part fabrication. The spindle analyzer is effective and accurate enough for on-machine measurement of the spindle error motion. The straightedge 
method can be used for on-machine measurement of the slide straightness error motion but it is not accurate enough because the measurement 
accuracy influences by the straightness form error of the straightedge. The straightedge reversal method can separate the straightness form error of the 
straightedge for precision measurement of the horizontal error motion but cannot be used for measurement of large-scale diamond turning machine 
because no long straightedge is available. Also, it is difficult to employ the straightedge reversal method for the measurement of the absolute vertical 
straightness error motion because the gravitational deflection cannot be separated. The multi-probe method can also be used for on-machine 
measurement of the slide error motion but parabolic error caused by the zero-adjustment error of the displacement probes significantly influences the 
measurement accuracy, especially for the measurement of the large-scale diamond turning machine. The second motivation of this research is 
development of new error-separation systems for on-machine measurement of the absolute slide error motion of the diamond turning machine for 
ultra-precision machining and the slide error motion of the large-scale diamond turning machine for hybrid machining of free-form surfaces. 
In this research, new error separation systems are developed and established for in-process precision measurement of roll parts and on-machine 
measurement of diamond turning machines. The main objectives of this research are summarized as followings: 
 Development of error separation system with laser beam width measurement for precision measurement of the run-out of the micro drill bit  
 Development of error separation system with laser beam width measurement for precision measurement of the straightness of the roll  
 Development of error separation system based on error separation techniques for precision measurement of the absolute slide error motion of the diamond 
turning machine  
 Development of error separation system based on error separation techniques for precision measurement of the slide error motion of the large-scale diamond 
turning machine 
 
In Chapter 2, an optical rotating error separation system, consisting of a laser scan micrometer and a concentricity gage, is introduced for precision 
measurement of the run-out of the micro drill bit. The concentricity gage is used to rotate the micro drill bit and the laser scan micrometer is used to 
monitor the rotation motion of the micro drill bit for the evaluation of the run-out. Taking into consideration the spindle error motion of the 
concentricity gage directly influences the measurement accuracy of the run-out, the error separation method is proposed to rotate the micro drill bit at 
the fine position of the concentricity gage with the minimum spindle error motion so that the spindle error motion can be separated. By measuring the 
spindle error motion, the fine position of the concentricity gage has been identified to locate from approximate 70° to 110° of the angular position with 
the minimum spindle error motion of 1.86 m (PV). A micro drill bit with an outer diameter of 0.75 mm was rotated at the fine position of the 
concentricity gage for the run-out measurement. The measurement result showed that the average of the measured run-out was 13.57 m with a 
measurement repeatability of 1.16 m. The measurement uncertainty of the run-out was estimated to be 0.61 m. It has been confirmed that the 
proposed optical rotating error separation system for the run-out measurement of micro drill bits can well satisfy the required measurement accuracy of 
better than 1 m. 
 
In Chapter 3, an optical scanning error separation system, consisting of an optical micrometer and a horizontal bench center, is developed and 
established for precision measurement of the straightness of the roll. The two ends of the roll are rotationally gripped by two centers of the bench center 
in the horizontal plane and the optical micrometer is moved by a linear slide to measure the vertical positions of the axis of the roll along its axial 
direction for the purpose of evaluating the straightness. An eexperiment was conducted to measure a roll with a length of 383 mm and a diameter of 9 mm. 
Measurement was conducted before and after reversing the roll. By combining the measurement outputs, the slide error motion, the gravitational deflection 
and the rotation error motion was separated from the straightness measurement. Experimental result showed that the average of the measured straightness 
was 369.07 m with a measurement repeatability of 1.70 m. The measurement uncertainty of the straightness was estimated to be 0.28 m. It has 
confirmed that the proposed optical scanning error separation system for the measurement of the straightness of rolls with high aspect ratios can well 
satisfy the required measurement accuracy of better than 1 m. 
In Chapter 4, a combined error separation system is proposed for the measurement of the absolute slide error motion of the diamond turning 
machine, including the horizontal straightness error motion, the vertical straightness error motion with respect to the axis of rotation of spindle (absolute 
vertical straightness error motion), the horizontal parallelism error motion and the vertical parallelism error motion. Three displacement probes are 
mounted on the slide of the diamond turning machine to measure measurement reference, in which two of the three displacement probes are arranged 
in the horizontal plane to measure the two horizontal sides and one displacement probe is set in the vertical plane to measure upper surface. An accurate 
straightedge with precision supports was used as measurement reference for the measurement of the horizontal straightness error motion and the 
absolute straightness error motion based on reversal method for separating the form error and the gravitational deflection of the straightedge. The 
horizontal parallelism error motion and the vertical parallelism error motion are measured by using a rotating roll workpiece as measurement reference 
based on rotating reversal method for separating influencing factors. An experiment was carried out on a diamond turning machine to measure its slide 
error motion and the measurement range was 100 mm, in which the full travel range of the slide was 150 mm. Experimental results showed that the 
horizontal straightness error motion was 165 nm (PV) with a measurement repeatability of 19 nm and the absolute vertical straightness error motion 
was 142 nm (PV) with a measurement repeatability of 14 nm. The standard deviations of the repeated measurement of the straightness error motions 
were 3.55 nm and 4.09 nm, respectively. Experimental results showed that the horizontal parallelism error motion was 18.855 m with a measurement 
repeatability of 99 nm and the vertical parallelism error motion was 12.072 m with a measurement repeatability of 38 nm. The standard deviations of 
the repeated measurement of the parallelism error motions were 10.31 nm and 13.86 nm, respectively. The measurement uncertainty of the horizontal 
straightness error motion, the absolute vertical straightness error motion, the horizontal parallelism error motion and the vertical parallelism error 
motion was estimated to be 7.74 nm, 8.41 nm, 3.59 nm and 5.76 nm, respectively. It has been confirmed that the proposed combined error separation 
system for the measurement of the absolute slide error motion of diamond turning machines can well satisfy the required measurement accuracy of 
better than 100 nm/100 mm. 
 
In Chapter 5, a four-probe error separation system is proposed for precision measurement of the slide error motion of a large-scale diamond turning 
machine, including the horizontal straightness error motion, the vertical straightness error motion with respect to the axis of the roll workpiece (relative 
vertical straightness error motion), the horizontal parallelism error motion and the vertical parallelism error motion. The roll workpiece is used as the 
measurement reference for the measurement of the slide error motion so that the measurement result would be useful for compensating the slide motion 
error in a real situation of fabrication of the large-scale roll workpieces. Four displacement probes are mounted on the slide to measure the roll 
workpiece, in which two of the four displacement probes are arranged in the horizontal plane to measure the two horizontal sides of the roll workpiece 
and other two displacement probes are arranged in the vertical plane to measure the two vertical sides of the roll workpiece. The measurement of the 
horizontal straightness error motion and the relative vertical straightness error motion were conducted based on the reversal method. The horizontal and 
vertical parallelism error motions were conducted based on the rotating reversal method. An experiment was carried out on a large-scale diamond 
turning machine to measure its slide error motion and the measurement range was 1200 mm, in which the full travel range of the carriage slide was 
2220 mm. A large-sized roll workpiece had a length of 1800 mm, a diameter of 320 mm and a weight of 368 kg. Experimental result showed that the 
horizontal straightness error motion was 1.220 m (PV) with a measurement repeatability of 0.66 m and the relative vertical straightness error motion 
was 3.690 m (PV) with a measurement repeatability of 0.4 m. The standard deviations of the repeated measurement of the straightness error motion 
components were 0.103 m and 0.094 m, respectively. Experimental result showed that the horizontal parallelism error motion was 2.298 m with a 
measurement repeatability of 0.82 m and the vertical parallelism error motion was -11.840 m with a measurement repeatability of 1.44 m. The 
standard deviations of the repeated measurement of the parallelism error motion components were 0.308 m and 0.477 m, respectively. The 
measurement uncertainty of the horizontal straightness error motion, the relative vertical straightness error motion, the horizontal parallelism error 
motion and the vertical parallelism error motion was estimated to be 0.060 m, 0.048 m, 0.097 m and 0.151 m, respectively. It has confirmed that 
the proposed four-probe error separation system for the measurement of the slide error motion of large-scale diamond turning machines can well satisfy 
the required measurement accuracy of better than 100 nm/100 mm. 
 
In Chapter 6, conclusions and achievements of this thesis are summarized. 
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